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S VPIMRY 

During t h e  per iod covered by t h i s  r e p o r t ,  improvements i n  c e l l  power- 
weight r a t i o ,  and o v e r a l l  e f f i c i ency  have been r e a l i z e d .  Power-weight 
r a t i o s  of f o r t y  wa t t s  per pound and e f f i c i e n c i e s  of 3.5% have been ob- 
se rved  c o n s i s t e n t l y .  

D i f f e r e n t  methods of ~1 
The more promising o f  t h r e e  
i n c r e a s i n g  ce l l  efficiency. 

Film and b a r r i e r  p r o p e r t i e s  were examined wi th  t h e  o b j e c t i v e  of pro-  
them wi th  a more c o n s i s t e n t  uniformity.  S t r u c t u r e  and arrangement 

ds r y s t a l s  w i th in  t h e  film were examined microscopical ly .  $0 
Various s u b s t r a t e  m a t e r i a l s  were t r i e d  i n  an e f f o r t  t o  f i n d  one l i g h t e r  

and more compatible with CdS films. 
It was determined t h a t  Cds could be p l a t e d  on conducting paper. This  will 
be i n v e s t i g a t e d  f u r t h e r  i n  the  next q u a r t e r .  

Molybdenum remains t h e  best t o  da t e .  

C e l l  f a b r i c a t i o n  techniques were examined i n  o rde r  t o  improve c e l l  
e f f i c i e n c y  and reduce f a b r i c a t i o n  t i m e .  
were ob ta ined  and arrangements made f o r  procurement. 

Drawings f o r  an impulse l ami  

1 
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RESEARCH AND DEVELOPMENT 

IN 

CdS PHOTOVOLTAIC FILIYl CELLS 

INTRODUCTION 

T h i s  r e p o r t  covers t h e  second q u a r t e r  of work on c o n t r a c t  NAS 3-4177 
which i s  a follow-on c o n t r a c t  t o  NAS 3-2493. 
emphasis on making t h e  f i l m  c e l l  more uniform and r e l i a b l e  under launch 
and space cond i t ions .  
f lexible,  uniformly high e f f i c i e n t ,  l o w  c o s t  c e l l s  capable  of ope ra t ing  
in space cond i t ions  f o r  long per iods o f  t i m e .  

The p r e s e n t  work places 

The major o b j e c t i v e s  a r e  t c  f a b r i c a t e  l i g h t  weight, 

T h i s  program will be implemented by a performance in-house t es t  pro- 
gram a t  N A S A ' s  Lewis  Laboratory.  The resul ts  of tests such as  u l t r a - v i o l e t  
exposure, e l e c t r o n  and p ro ton  bombardment, and thermal c y c l i n g  i n  h igh  
vacuum will be used t o  modify ce l l  m a t e r i a l s  and c o n s t r u c t i o n  i n  o r d e r  t o  
f i n d  t h o s e  combinations t h a t  a r e  most compatible with prolonged ope ra t ion  
under space cond i t ions .  

During t h e  first q u a r t e r  t h e  CdS t h i n  f i l m  c e l l s  had been improved i n  
Th i s  power t o  weight r a t i o  t o  about 40 w a t t s  p e r  pound f o r  3" x 3" c e l l s .  

r e p r e s e n t s  a s i g n i f i c a n t  i n c r e a s e  over t h e  25 w a t t s  p e r  pound r epor t ed  on 
t h e  previous c o n t r a c t .  

E l e c t r o p l a t e d  g r i d s  have produced 3% ce l l s .  Although 3% i s  below t h e  
average c e l l  e f f i c i e n c y  t h e r e  has been a cons t an t  improvement toward t h e  
h i g h e r  value.  
b y  e l i m i n a t i o n  of t h e  cos%ly  gold electroformed mesh. 
d e s i g n  has withstood hundreds of thermal c y c l e s  conducted i n  a vacuum cham- 
b e r .  The temperature  c y c l e s  were conducted between +65oC and - 7 O O C .  

Cel ls  of this type  c o n s t r u c t i o n  promise t o  reduce t h e  c o s t  
The new c e l l  packaging 

The procedure f o r  applying the  e l e c t r o p l a t e d  c o l l e c t o r  g r i d  has been 
found t o  have a d e l e t e r i o u s  e f f e c t  on t h e  c e l l .  The e f f e c t  i s  i n  propor- 
t i o n  t o  t h e  t o t a l  p l a t i n g  time. 
provide a s h o r t e r  d e p o s i t i o n  time and consequently improved c e l l s .  Auxi- 
l i a r y  bus b a r s  have been a t t ached  t o  t h e  e l e c t r o p l a t e d  g r i d s  and have been 
found t o  improve t h e  c e l l  output .  Other t y p e s  of p l a t i n g  b a t h s  a r e  be ing  
i n v e s t i g a t e d .  

P l a t i n g  c o n d i t i o n s  have been a l tered t o  

I n v e s t i g a t i o n  of s u b s t r a t e s  o the r  t han  molybdenum has been continued. 
I n d i c a t i o n s  The i n t e r f a c e  problem a s s o c i a t e d  with I n v a r  has  been de f ined .  

of non-uniformity i n  t h e  b a r r i e r  l a y e r  have been noted.  

The p i l o t  l ine  has been converted t o  t h e  new chemiplated type  b a r r i e r .  
Th i s  change has r e s u l t e d i n  an inc rease  from an average o f  2.6% t o  an  
average v a l u e  of 3.5% f o r  c e l l  conversion e f f i c i e n c y .  
r e p o r t e d  f o r  t h i s  p e r i o d  i s  5.1%. An a r r a y  of 4 - 3" x 3" c e l l s  was d e l i -  
vered t o  t h e  c o n t r a c t  monitor with a power t o  weight r a t i o  of 30 w a t t s  p e r  
pound. 

The h ighes t  va lue  

2 



ELECTROPLATED G R I D 3  

An earl.. nethod for c u r r e n t  c o l l e c t i o n  o f  t h e  CachTlium S u l f i d e  (Cds) 
c e l l  involve<i hand r u l i n g  t h e  b a r r i e r  s u r f a c e  wi th  a s i l v e r  p a s t e  o r  i n k .  
Much of t h e  a c t i v e  s u r f a c e  was covered and t h e  c o n d u c t i v i t y  of t he  s i l v e r  
conduct o r s  was low. 

The i n t r o d u c t i o n  of a high p u r i t y  go ld  metal  e l e c t r o f o n e d  c o l l e c t o r  
w i t h  a l i g h t  t r ansmiss ion  range of 83% t o  87% was a milestone i n  t h e  c o l l e c -  
t i o n  of t h e  power generated by a given c e l l .  
was a t  an i n c r e a s e  i n  c o s t .  

The g a i n  i n  c o l l e c t o r  e f f i c i e n c y  
The gold electroformed g r i d s  were expensive. 

I n  order  t o  e v a l u a t e  a c e l l  with t h e  electroformed g r i d ,  t h e  c e l l  had 
t o  be laminated. T h i s  r e q u i r e d  considerable  t i m e  u n t i l  a t e s t  f i x t u r e  was 
designed t h a t  pe rmi t t ed  quick and economical c e l l  eva lua t ion .  T h i s  dev ice  
pe rmi t t ed  i n t i m a t e  c o n t a c t  between c e l l  and c o l l e c t o r  du r ing  t h e  test  
p r i o d  but be fo re  a c t u a l  lamination. This  f ixture  has  been adopted a s  s t a n -  
da rd  equipment. 1 

Such a procedure was s a t i s f a c t o r y  a t  t h i s  s t a g e  o f  development. Two 
hundred and sixty ce l l s  were de l ive red  t o  NASA, Lewis Research Center,  Cleve- 
l a n d ,  Ohio,  f o r  an in-house t e s t i n g  program. One o f  t h e  t es t s  r equ i r ed  
r e p e a t e d  the rma l  cycl ing t o  s i m u l a t e  o r b i t a l  f l i g h t .  The e a r l y  cells  
d e l i v e r e d  f o r  t h i s  purpose were cons t ruc t ed  with t h e  electroformed gold 
c o l l e c t o r  e l e c t r o d e .  
e r r a t i c  in behavior .  
d e s i r e d  one y e a r  o r b i t a l  equivalent .  

Many c e l l  units survived 400 c y c l e s  and t h e n  became 
Four hundred c y c l e s  were cons ide rab ly  less t h a n  t h e  

A change i n  c o l l e c t o r  e l e c t r o d e  design w a s  i n d i c a t e d .  Experimental 
i n v e s t i g a t i o n  r e s u l t e d  i n  a procedure f o r  t h e  e l e c t r o d e p o s i t i o n  o f  a pure 
gold g r i d  on t h e  s u r f a c e  o f  t h e  c e l l  b a r r i e r .  
t i v e l y  low power c e l l s  r e s u l t e d .  
s i o n  e f f i c i e n c y  were placed on t e s t  t o  determine whether t h i s  design was 
worthy of f u r t h e r  work. 
1200 thermal  c y c l e s .  Add i t iona l  work has been performed i n  t h i s  a r ea  con- 
c e n t r a t i n g  on t h e  causes  f o r  t h e  l o w  e f f i c i e n c i e s  s i n c e  t h e  cel ls  were 
i n v a r i a b l y  30% h i g h e r  when i n i t i a l l y  t e s t e d .  
c o n t r i b u t i n g  t o  t h e  low output was a l a c k  of suf f ic ien t  conductor c r o s s  
s e c t i o n .  
t i es  i n c r e a s e d  t h e  g r i d  th i ckness .  
was suspec ted  a s  t h e  major cause o f  t h e  power l o s s .  This  was conf i rned  when 
it was found t h a t  t h e  ce l l s  improved a s  t h e  p l a t i n g  t ime was reduced. 

Very l o w  y i e l d  and r e l a -  
The o p e r a t i n g  c e l l s  of over 2.3% conver- 

T h i s  type c e l l  was found t o  be capable  of exceeding 

One f a c t o r  t h a t  appeared t o  be 

T o t a l  p l a t i n g  t ime ( 2  hours) and i n c r e a s e d  p l a t i n g  c u r r e n t  densi-  
However, t h e  long p e r i o d  of immersion 

S e v e r a l  ce l l s  have been made wi th  t h e  e l e c t r o d e p o s i t e d  go ld  g r i d s  and 
have been found t o  develop t h e  same power and e f f i c i e n c y  a s  i n d i c a t e d  by 
the p r e s s u r e  c o n t a c t  t e s t .  

E f f o r t s  w i l l  be made t 6  f u r t h e r  reduce t h e  time o f  p l a t i n g .  

3 



1. Gold P l a t i n g  Process  

The gold p l a t i n g  p rocess  i n i t i a l l y  r equ i r ed  0.45 ma/crn2 c u r r e n t  d e n s i t y ,  
21% b a t h  tempra twe,  and a p l a t i n g  time o f  t w o  hours t o  ob ta in  a gold t h i c k -  
n e s s  of 1.2 microns. La te r ,  bus b a r s  were p l a t e d  on t h e  b a r r i e r  a long wi th  
t h e  g r i d  p a t t e r n  i n  an attempt t o  i n c r e a s e  conduc t iv i ty .  S i n c e  t h e  t o t a l  
c u r r e n t  flowing through t h e  ba th  could no t  be increased,  t h e  c u r r e n t  d e n s i t y  
dropped C,o 0.3 ma/cm2. 
t o r  t h i c k n e s s  of 0.8 microns. 

The lower c u r r e n t  d e n s i t y  produced an average conduc- 

A t  t h i s  p o i n t  it was obvious t h a t  t h e  information ob ta inab le  from t h e  
handbooks and manufacturers l i t e ra ture  on t h e s e  b a t h s  was no t  adequate t o  
s o l v e  t h e  p l a t i n g  problem. A study program was needed t h a t  would produce 
d a t a  concerning a l l  parameters i n  a r e l a t i v e l y  s h o r t  p e r i o d  of time. 

a. The Hull Cell  

A s t anda rd  t e s t  c e l l  used by e l e c t r o p l a t e r s  t o  determine p l a t i n g  condi-  
t i o n s  i s  known as  t h e  H u l l  Ce l l2 .  
f o r  r e sea rch .  
s o l u t i o n  in ques t ion  and an anode i s  p l aced  a t  t h e  r e a r  o f  t h e  c e l l .  The 
cathode i s  i n s e r t e d  oppos i t e  t o  the anode, b u t  i s  p l aced  a t  a p re sc r ibed  
a n g l e .  A s p e c i f i e d  c u r r e n t  i s  caused t o  f l o w .  The n e t  e f f e c t  of t h e  a n g l e  
i s  t h e  non-uniform d i s t r i b u t i o n  of c u r r e n t  ac ross  t h e  f a c e  of t h e  cathode. 
The end n e a r e s t  t h e  anode has  t h e  h i g h e s t  c u r r e n t  d e n s i t y  while  t h e  o t h e r  
end has t h e  lowest  c u r r e n t  densi ty .  
t h e  desired d e p o s i t .  Repeated t e s t s  a t  va r ious  c u r r e n t s ,  temperatures  and 
c u r r e n t  d e n s i t y  range provides  data r a p i d l y .  

T h i s  device has proven t o  be of immense va lue  
I n  use t h e  c e l l  i s  f i l l e d  t o  an exac t  l e v e l  w i th  t h e  p l a t i n g  

This  g r a d i e n t  permits  t h e  s e l e c t i o n  of 

Both n i cke l - coa ted  b r a s s  cathodes and s o l a r  c e l l  cathodes were used i n  
t h e  H u l l  c e l l  i n  o rde r  t o  evaluate  p l a t i n g  c u r r e n t  d e n s i t i e s  and temperatures .  
The results, which were obtained by v i s u a l l y  comparing t h e  cathodes,  i n d i c a t e d  
t h a t  a temperature range of 21% t o  6 6 O C  and a c u r r e n t  d e n s i t y  range o f = .  0 
t o  2 ma/& would y i e l d  a u n i f o r m ,  non-p i t t ed  depos i t .  

Grids were e l e c t r o p l a t e d  onto s o l a r  ce l l s  a t  f o u r  c u r r e n t  d e n s i t i e s  
(0.3, 0.6, 1.0 and 1.5 ma/cm2) and R r e e  temperatures  (21, 49 and 66Oc). 
time in t h e  s o l u t i o n  f o r  each set of v a r i a b l e s  were a d j u s t e d  s o  a s  t o  g i v e  
g r i d  t h i c k n e s s  of about two microns. Optimum p l a t i n g  cond i t ions  were d e t e r -  
mined on t h e  b a s i s  of t h r e e  c e l l  c h a r a c t e r i s t i c s ;  d i f f e r e n c e s  i n  Isc, Voc and 
t h e  I V  curve shape be fo re  and a f t e r  g r i d  e l e c t r o p l a t i n g .  The p l a t i n g  c o n d i t i o n s  
which resulted i n  t h e  s m a l l e s t  changes i n  t h e  c e l l  were found t o  be 1.0 ma/ 
cm2 c u r r e n t  d e n s i t y  a t  4 9 O C  and a p l a t i n g  t i m e  of 45’ minutes.  
produced a g r i d  th i ckness  of two microns. Under t h e s e  cond i t ions ,  c e l l  degra- 
d a t i o n  caused by p l a t i n g  was s t i l l  observed al though t h e  amount of e f f i c i e n c y  
l o s s  was cons ide rab ly  decreased. 

The 

These c o n d i t i o n s  

Experiments a r e  now i n  progress t o  determine whether an i n i t i a l  t h i n  
l a y e r  of gold a p p l i e d  a t  a l o w  cu r ren t  dens i ty ,  fol lowed by an a d d i t i o n a l  
t h i c k  l a y e r  depos i t ed  qu ick ly  a t  a h igh  c u r r e n t  d e r s i t y  will f u r t h e r  reduce 
t h e  degradat ion.  I d e a l l y ,  t h i s  method could reduce t h e  p l a t i n g  t i x e  t o  t e n  
minutes .  

4 



b. E f f e c t s  of L igh t  During P l a t i n g  

Light  could conceivably inf luence t h e  c e l l  during t h e  p l a t i n g  process  
since t h e  bulk  CdS i s  photoconductive i n  n a t u r e  and t h e  b a r r i e r  degradat ion 
i s  be l i eved  t o  be caused by a photochemical process .  Experiments conducted 
t o  e v a l u a t e  t h e  effect  of l i g h t  on t h e  c e l l  dur ing  g r i d  e l e c t r o p l a t i n g  have 
shown no observable  e f f e c t s .  
optimum e l e c t r o p l a t i n g  techniques have been e s t a b l i s h e d .  

These experiments w i l l  be r epea ted  when t h e  

2. Other  P l a t i n g  Methods 

a .  Aqueous So lu t ions  

Cells gr idded by t h e  e l ec t rodepos i t i on  of copper and n i c k e l  from aqueous 
s o l u t i o n  have been found t o  be s h o r t  c i r c u i t e d .  

E l e c t r o l e s s  depos i t i ons  o f  n i c k e l  were made on s e v e r a l  c e l l s .  Two 
d i f f e r e n t  s o l u t i o n s  were used w i t h  bo th  s o l u t i o n s  depos i t ing  n i c k e l  on t h e  
g r i d  lines and on t h e  p h o t o r e s i s t .  
enced with t h e  removal of n i c k e l  covering t h e  p h o t o r e s i s t  r e s u l t e d  i n  a 
r e j e c t i o n  of t h i s  approach. 

Cel l  degrada t ion  and d i f f i cu l ty  experi- 

b. So lu t ions  with Alcohol as t h e  Solvent  

S o l u t i o n s  were made i n  which a l coho l  r a t h e r  t h a n  water was u t i l i z e d  a s  
t h e  so lven t .  
l y t i c  so lu t ions :  (1) copper sulfate i n  methyl a l coho l  and sulfur ic  ac id ,  and 
( 2 )  s i l v e r  n i t r a t e  i n  methyl a lcohol  and n i t r i c  a c i d .  
gave good, heavy uniform depos i t s ,  but r e s u l t e d  i n  sho r t ed  ce l l s .  The s i l v e r  
s o l u t i o n  was n o t  successful since t h e  s i l v e r  n i t r a t e  would n o t  remain i n  s o h -  
ti on. 

Experiments were conducted with two low-water con ten t  e l e c t r o -  

The copper s o l u t i o n  

An immersion process  cons is t ing  of a so lu t ion  o f  gold c h l o r i d e  and methyl 
a l c o h o l  was s tud ied .  
u n t i l  t h e  s u r f a c e  was l i g h t l y  p la ted .  
c e l l s .  

The mechanism involved  a r e a c t i o n  which cont inued on ly  
These t es t s  a l s o  produced degraded 

Many p l a t i n g  techniques were found i n  t h e  l i t e r a t u r e  b u t  i n i t i a l  cons i -  

e f f o r t s  i n  t h i s  a rea  w i l l  be concerned mainly wi th  l o w  water  con ten t  
d e r a t i o n s  e l imina ted  t h e s e  a s  incompatible  wi th  t h e  CdS-Cu$, system. 
t i n u e d  
s o l u t i o n s .  

Con- 

3. Aux i l i a ry  Bus Bars 

A p h o t o r e s i s t  mask has been designed which enables  gold bus b a r s  t o  be  
p l a t e d  s imultaneously with t h e  gr id .  P r e s e n t l y  t h e  t h i n n e s s  o f  t h e  gold 
bus b a r s ,  and i t s  r e s u l t a n t - r e s i s t a n c e ,  n e c e s s i t a t e s  s p o t  welding s i l v e r  
f o i l  l e a d s  on t o p  o f  t h e  gold.  E f f o r t s  a r e  being made t o  i n c r e a s e  t h e  t h i c k -  
n e s s  of t h e  e l e c t r o p l a t e d  bus bars  by us ing  d i f f e r e n t  anode conf igu ra t ions .  
The va lue  of t h e  a u x i l i a r y  bus bars will be d i scussed  i n  t h e  s e c t i o n  on l e a d  
attachment.  
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FILM PROPERTIES 

Ear ly  CdS evaporated film were produced us ing  s i n g l e  c r y s t a l  chips  a s  

Rather r e c e n t l y  i t  was discovered t h a t  t h e  CdS 
t h e  evaporant .  L a t e r  it was determined t h a t  a s i n t e r e d  C d S  product  was 
s u f f i c i e n t  for t h e  purpose. 
powder a s  suppl ied  by t h e  manufacturer was adequate.  Seve ra l  manufacturers '  
p roduc t s  were examined. A l l  b u t  one were found t o  be  u n s a t i s f a c t o r y  because 
of t h e  range i n  p a r t i c l e  s i z e .  The  General  Electric powder meets t h e  p a r t i -  
c u l a r  requirements  f o r  t h e  f i x t u r e s  s e d  i n  t h e  p r e s e n t  evap9ra tors  because 
no p a r t i c l e s  range below one micron. Y3) 

The presence of f ines  i n  t h e  evaporant  has  caused s p a t t e r i n g  of t h e  
s u b s t r a t e .  One of  t h e  powders compared wi th  t h e  General  E l e c t r i c  C d S  powder 

tuis It a l s o  conta ined  
was a Sylvania  CdS powder which by spec t rographic  ana 
more contaminated t h a n  t h e  General E l e c t r i c  ma te r i a l .  
many f i n e s  and could n o t  be used without redes igning  t h e  f i l amen t s .  

, was only s l i g h t l y  

Recently samples were obtained of  a h igher  purity Sylvania  CdS and 
t e s t e d .  
t i o n .  Table  I i s  a spectrographic  comparison o f  samples of General  E l e c t r i c  
and Sylvania  ma te r i a l .  
t i e s  determined i n  t h e  a n a l y s i s .  Films were made f r o m  both  General  E lec t r ic  
and Sylvania  powders under normal cond i t ions .  The r e s u l t i n g  f i l m s  were v e r y  
d i f f e r e n t .  
evidence of s p a t t e r i n g .  They a l so  had a yellow l a y e r  next  t o  t h e  s u b s t r a t e .  
The General  E l e c t r i c  powder produced t h e  type of f i l m  normally expected. 

Th i s  m a t e r i a l  was found t o  have a more uniform p a r t i c l e  d i s t r i b u -  

The two are ve ry  s i m i l a r  i n  conten t  for t h e  i m p u r i -  

The films f r o m  t h e  Sylvania m a t e r i a l  were powdery but without 

Two approaches were t r i e d  t o  make u s a b l e  films from t h e  Sylvania  gowder . 
Films formed under t h e  u s u a l  evaporat ion cond i t ions  were hea ted  t o  600 C i n  
argon f o r  one hour. 
molybdenum s u b s t r a t e  was a l s o  a l t e r e d .  It appeared t h a t  a molybdenum oxide 
was being formed, i n d i c a t i n g  a poss ib le  a i r  l e a k  i n  t h e  furnace .  These tes ts  
wi l l  be  repea ted  under oxygen-free cond i t ions .  

Much of  t h e  powdery appearance disappeared b u t  t h e  

The second method employed t h e  depos i t i on  of Sylvania  m a t e r i a l  on t h e  
s u b s t r a t e  a t  a temperature  100°C h igher  than  normal. The f i l m s  t h a t  were 
produced appeared si!riilar t o  t h e  films made with s t anda rd  m a t e r i a l  a t  t h e  
s t anda rd  s u b s t r a t e  temperature .  

The fo l lowing  i s  a comparison of  t h e  p r o p e r t i e s  of t y p i c a l  f i l m s  pro- 
duced from t h e  two types of ma te r i a l s .  

Sample N94 
(S y l v  a n i  a ) 

Sample N96 
(G .E. 1 

Thickne s s 1.2 x 10-3 c m  2.4 x 10-3 cm 

H a l l  C o e f f i c i e n t  7.47 2.76 

Mobi l i ty  16.3 cm2/mlt-second 0.79 cm2/volt-second 

C a r r i e r  Conc. 8.37 x cm-3 2 .26 x cm-3 

R e s i s t i v i t y  0.46 ohm-cm 3.5 ohm-cm 
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TABU I 

QUALITATIVE SPECTROGRAPHIC ANALYSIS 

OF CCrj POWDERS 

Aluminum 

Calcium 

Copper 

Indium 

I ron  

Magnesium 

Manganese 

lYickel 

S i l i c o n  

Thallium 

G.E. CdS 
Powder 

( L o t  185) 

FT 

VMC 

VFT 

m+ 
VFT 

Key: T = Trace .OOl-.Ol% 
ET = Faint  Trace 

VET = Very Faint  Trace 
--- - - Not Detected 

7 

Sylvania 
C d S  Powder 
(Lot T - 3 2 4 )  

m- 

WT 

VFT+ 

VFT+ 

m 

FT 



The Sylvania  films forined a t  the  h ighe r  s u b s t r a t e  temperature  had a 
lower r e s i s t i v i t y .  Normally, a high s u b s t r a t e  temperature  w i l l  e l imina te  
much o f  t h e  f r e e  cadmium i n  t h e  CdS f i l m  r e s u l t i n g  i n  a r e s i s t i v i ty  i n -  
c r ease .  Nei ther  f i l m  was doped. 

Cells were made from film of both ina te r ia l s .  Mhile t h e  c e l l s  f r o m  t h e  
Sy lvan ia  m a t e r i a l  d i d  n o t  develop t h e  same power a s  t h e  G.E. ma te r i a l ,  it 
i s  p o s s i b l e  t h a t  wi th  c e r t a i n  adjustments equ iva len t  c e l l s  could be made. 
The Sylvenia  c e l l s  were found t o  be about 75% a s  e f f i c i e n t  a s  the  G.E. ce l l s :  
Th i s  might be a t t r i b u t e d  t o  t h e  l o w  r e s i s t i v i t y  i n  t h e  Sylvania  f i l m s  a s  
i n d i c a t e d  by t h e  p o o r  shunt  c h a r a c t e r i s t i c s  of t h e  I - V  curves .  More w o r k  
w i t h  t h e  Sylvania  m a t e r i a l  i s  ind ica t ed .  

ALTEF3ATE SUBSTFATE MATERIAIS 

S ince  t h e  d iscovery  of t h e  chemical m i l l i n g  process ,  t h e  use of t h i n n e r  
molybdenum f o i l s  has n o t  been pursued. A lesser  handl ing problem i s  pre- 
sen ted  if t h i c k e r  f o i l s  a r e  used for c e l l  f a b r i c a t i o n  and a s  a f i n a l  s t e p  
t h e  back of t h e  molybdenum subs t r a t e  i s  chemical ly  mi l l ed  t o  t h e  d e s i r e d  
th i ckness .  

I n v e s t i g a t i o n  of o t h e r  me ta l l i c  s u b s t r a t e s  t h a t  appear more d e s i r a b l e  
t h a n  molybdenum because of c o s t ,  dens i ty ,  conduct iv i ty ,  thermal  expansion o r  
a b i l i t y  t o  form a good con tac t  t o  n-type CdS has  been made i n  t h e  p a s t  a s  
a means of achiev ing  weight reduct ion.  
promising, but none have y i e l d e d  t h e  r e p r o d u c i b i l i t y  achieved wi th  :nolyb- 
denum. 

A t  times, t h e  resu l t s  have been 

S e v e r a l  of the meta ls  i nves t iga t ed  have been found t o  cause a ye l low 
powdery l a y e r  t o  form immediately ad jacent  t o  t h e  s u b s t r a t e .  W i l e  working 
wi th  t h e  h igh  p u r i t y  Sylvania  C d S  it was discovered t h a t  t h e  yellow powdery 
l a y e r  can be  e l imina ted  by employing very h igh  s u b s t r a t e  temperatures .  
t h e  p a s t ,  Invar  had been known f o r  formation o f  t h e  undes i r ab le  in t e rmed ia t e  
l a y e r .  Consequently, some Invar  was t r i e d  2s a s u b s t r a t e  a t  e l eva ted  
tempera tures  us ing  t h e  s tandard  C d S  m a t e r i a l .  
m a t e r i a l  on molybdenum, t h e  yellow l a y e r  disappeared.  The adherence o f  t h e  
C d S  t o  t h e  I n v a r  a l s o  seemed improved. 
may be t h e  key t o  g e t t i n g  c o n s i s t e n t l y  good c e l l s  on I n v a r .  
work ,  c e l l s  made on Inva r  have been found t o  be very  good or very p o o r  wi th  
none o f  i n t e rmed ia t e  q u a l i t y .  

I n  

A s  i n  t h e  c a s e  of t h e  Sylvania  

This  h igher  s u b s t r a t e  temperature  
I n  prev ious  

Films were evaporated onto s e v e r a l  s u b s t r a t e  m a t e r i a l s  dur ing  t h i s  
q u a r t e r .  
hes ion  of t h e  Cds was poor and cu r l ing  was severe. These d i f f i c u l t i e s  were 
caused by s u b s t r a t e  su r face  condi t ion and mismatch o f  thermal expansion 
c o e f f i c i e n t s .  Good CdS films have been produced on a conduct ive paper .  S o  
f a r ,  c e l l s  have n o t  been f ab r i ca t ed  from t h i s  m a t e r i a l .  

T in  c l a d  s t e e l  was one o f  t h e  new m a t e r i a l s  i n v e s t i g a t e d .  Ad- 

Experiments were a l s o  Qerfcirmed t o  determine t h e  cause of  t h e  degrada- 

The C d S  
ti on which has been not iced  with c e l l s  f a b r i c a t e d  on t i t a n i u m  s u b s t r a t e s .  
A c e l l  was chosen t h a t  degraded about 50% f r o m  t h e  o r i g i n a l  va lue .  
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film was s t r i p p e d  f rm t h e  c e l l .  The s u r f a c e  of t h e  t i t a n i u m  was found t o  
be a very dark grey. I n  an attempt t c  determine t h e  cause of  t h e  degrada- 
t i o n ,  p i e c e s  o f  po l i shed  t i t a n i u m  were packed i n  s u l f u r  and i n  CdS powder. 
These samples were hea ted  t o  l s O ° C  i n  argon and then allowed t o  remain i n  
t h e  c l o s e d  con ta ine r  for two days.  
t u rned  grey. The samples were n o t  a s  dark a s  t h e  t i t a n i u m  used a s  a sub- 

I n  both cases ,  t h e  t i t a n i u m  s u r f a c e  

s t r a t e .  These t es t s  will be repeated f o r  a longer  p e r i o d  of 

LEAD ATTACHMENT 

The 
t h a t  has 

attachment of t h e  s i l v e r  l e a d s  t o  t h e  e l e c t r o p l a t e d  
r e q u i r e d  much a t t e n t i o n .  

t i m e .  

g r i d  i s  an a r e a  

I n  t h e  f i r s t  q u a r t e r  s e v e r a l  t e s t s  on t h e  e f f e c t  of s o l d e r  on t h e  
b a r r i e r s  were r e p o r t e d . ( s j  
will a t t a c k  both t h e  e l e c t r o p l a t e d  and t h e  chemiplated b a r r i e r s  i f  t h e  
amount of s o l d e r  i s  n o t  c a r e f u l l y  c o n t r o l l e d .  The chemiplated b a r r i e r  
seemed most s e n s i t i v e  t o  t h e  solder .  A l l  of t h e s e  t e s t s  were conducted on 
c e l l  packages f a b r i c a t e d  wi th  t h e  one mil  t h i c k  electroformed meshes. 

The conclusions were t h a t  t h e  indium type s o l d e r  

When t h e  electroformed mesh was r ep laced  by t h e  ve ry  t h i n ,  t w o  micror, 
t h i c k ,  e l e c t r o p l a t e d  g r i d ,  t h e  s o l d e r  problem a rose  again.  It was n e a r l y  
imposs ib l e  t o  apply sufficient so lde r  t o  a t t a c h  t h e  a u x i l i a r y  s i l v e r  bus b a r s  
and  l e a d s  t o  t h e  c o l l e c t o r  while  a t  t h e  same time u s i n g  a minimal amount 
t o  p reven t  a t t a c k  on t h e  b a r r i e r .  A t h i c k e r  g r i d  cou ld  a l l e v i a t e  t h e  pro- 
blem. This  i s  being at tempted a s  r e p o r t e d  i n  an e a r l i e r  s e c t i o n  of t h i s  
re p o r t .  

S u c c e s s f u l  c e l l s  have been f a b r i c a t e d  by i n i t i a l l y  depos i t i ng  go ld  bus 
b a r s  a s  p rev ious ly  descr ibed.  
s p o t  welded t o  t h e  t o p  o f  t h i s  gold s t r i p e .  A micro-gap welder has been 
purchased by The Harshaw Chemical Company f o r  t h i s  purpose.  A u r & t  of t h i s  
t ype  p reven t s  da-age t o  t h e  c e l l  b a r r i e r  du r ing  welding. F igu res  1 through 4 
demonstrate  t h e  improvement i n  c e l l  e f f i c i e n c y  by means o f  t h e  welded a w d -  
l i a r y  bus b a r s  and leads .  These figures a r e  a comparison of two c e l l s  before 
and a f t e r  gr idding.  
s u n l i g h t .  F igu re  l i s  t h e  I - V  curve of c e l l  L88-D b e f o r e  gr idding.  F i g u r e  2 
i s  t h e  I - V  curve a f t e r  g r idd ing  and at tachment  o f  t h e  s i l v e r  l e a d s .  Cel l  
N79-D was f a b r i c a t e d  in t h e  s a m e  manner with one except ion.  The s i l v e r  bus 
and l e a d s  were n o t  welded but were h e l d  i n  p l a c e  by p r e s s u r e  a p p l i e d  during 
encapsu la t ion .  
t i a l l y .  
(Figure 2 )  while Cel l  L79-D was only 2.3% e f f i c i e n t  (F igu re  4). 
resul ts  a r e  t y p i c a l .  

An a u x i l i a r y  s i l v e r  bus b a r  and l e a d  i s  

The I - V  curves were t aken  under 100 mw/cm2 e q u i v a l e n t  

Cell L88-D was 0.8% e f f i c i e n t  and C e l l  L79D was 0 .98  i n i -  
(Figures  1 and 3 ) .  After g r idd ing  C e l l  L88D was 2.78 e f f i c i e n t  

These 

Perhaps more important  t han  t h e  i n i t i a l  improvement i n  e f f i c i e n c y  f o r  

The i n d i -  
c e l l s  with welded connect ions over t h o s e  with p r e s s u r e  connect ions i s  t h e  
improvement i n  t h e  c e l l  package with r ega rd  t o  thermal cyc l ing .  
c a t i o n s  from tes t s  run he re -and  those i n  progress  a t  Lewis  Laboratory,  
NASA, a r e  t h a t  t h e  welded connection g r e a t l y  improves t h e  r e l i a b i l i t y  and 
l i f e  of t h e  c e l l s  during r epea ted  thermal  cyc l ing  i n  high vacluum. From 
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preli-ininary r e s u l t s ,  i t  appears t h a t  t h i s  t ype  o f  c o l l e c t o r  arrangement i s  
more s a t i s f a c t o r y  than  aiiy previous type.  ldhen t h e  tes ts  a r e  completed, i t  
i s  a n t i c i p a t e d  t h a t  any i n d i c a t e d  improvernerits will be incorporated i n  t h e  
c e l l  package. 

IJG'ULS E LAMINATOR -- - 
The p r e s e n t  l a n i n a t i n g  procedure r e q u i r e s  t h a t  t h e  c e l l  pa: kage be 

S i n c e  t h e  p l a s t i c s  and t h e  c e l l s  have p r o p e r t i e s  t h a t  change due 
p l aced  i n  p l a t e n s  and heated i n  a laminat ing p r e s s  f o r  more than  one-half 
hour. 
t o  h e a t ,  i t  i s  d e s i r a b l e  t o  minimize t h i s  h e a t i n g  pe r iod .  It has been 
proven by experiment t h a t  this can be accomplished by u s i n g  an impulse t y p e  
l amina to r .  
encapsu la t ion  cyc le  i n  a few minutes have been s e n t  o u t  f o r  b i d s .  
u n i t  should be i n  ope ra t ion  b e f o r e  t h e  end of t h e  next  q u a r t e r .  
capable  of laminat ing up t o  one f o o t  square a r r a y s .  

The drawings of an impulse l amina to r  capable  of completing t h e  
This  

It will b e  

FII.24 AND B A R R I E R  UI'JIFORiYtTY 

It has been noted i n  t h e  p a s t  t h a t  c e l l  geometry appears t o  be r e l a t e d  
t o  conversion e f f i c i e n c y .  Nominal 3" x 3" ce l l s  have displayed a tendency 
t o  have h ighe r  e f f i c i e n c y  than  1" x 3l' c e l l s .  On l a r g e  area c e l l s ,  it has  
been found p o s s i b l e  t o  l o c a t e  small a r e a s  with e f f i c i e n c i e s  h ighe r  o r  lower 
t h a n  those  of t h e  l a r g e  a reas .  A complete t h e o r e t i c a l  explanat ion of  t h e s e  
obse rva t ions  has no t  been found. I n  analyzing t h e  problem, it i s  necessa ry  
t o  determine t h e  un i fo rmi ty  of t h e  CdS f i l m  and t h e  b a r r i e r  l a y e r .  Better 
un i fo rmi ty  should provide higher  c e l l  e f f i c i e n c i e s .  

1. Film Uniformity 

CdS evaporated f i l m s  e x h i b i t  c e r t a i n  ev iden t  non-uniformit ies  wh i l e  
probably possessing o t h e r s  no t  a s  ye t  i d e n t i f i e d .  Non-uniformities a l r e a d y  
observed a r e  o f  a v i s u a l  n a t u r e .  Films d i f f e r  i n  appearance f r o m  one 
evapora t ion  t o  a n o t h e r  and even d i f f e r e n t  p a r t s  of i n d i v i d u a l  c e l l s  may 
not  appear  u n i f o r m .  One d i f f e r e n c e  is i n  c o l o r .  S k i l l e d  t echn ic i ans  have 
r e p o r t e d  t h i s  d i f f e r e n c e  and have p red ic t ed  f a i r l y  a c c u r a t e l y  on t h i s  b a s i s  
which f i l m s  will produce good c e l l s .  These f i l m s  a r e  s a i d  t o  be produced 
with s l i g h t l y  d i f f e r e n t  s u b s t r a t e  temperatures.  These i n d i c a t i o n s  of 
d i f f e r e n c e  have n o t  been confirmed spectrophotometr ical ly .  

Another non-uniformity observed i n  t h e  CdS evaporated f i l m s  i s  t h e  
t e x t u r e .  Some a reas  show an imperfect specu la r  appearance. Other a r e a s  
have a v e l v e t y  r e f l e c t a n c e ,  perhaps due t o  c r y s t a l  growth f a c e t s  of 
approximately t h e  same o r i e n t a t i o n .  

Under microscopic examination, f i v e  types of s u r f a c e  formations have 
been observed. The f i r s t  type  can be c h a r a c t e r i z e d  by a n e a r l y  f l a t  sur- 
f a c e .  When t h i s  s u r f a c e  covers a l a r g e  enough a rea ,  i t  appears somewhat 
s p e c u l a r  t o  t h e  unaided eye. The second type i s  a p i t  with t h e  suggest ion 
of geometr ical  r e g u l a r i t y  i n  i t s  f o r m .  When the  populat ion d e n s i t y  o f  
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such p i t s  i s  high, t h e  area has a ve lve ty  appearance. 
a formation caused by a p a r t i c l e  of CdS  l o o s e l y  bound to t h e  f i l m .  
s p r i n k l i n g  o f  t h e s e  p a r t i c l e s  3n the f i l m  i s  r e f e r r e d  t o  a s  " s p a t t e r . "  
Frequent ly ,  an a.n; rphous p i t  i s  found beneath t h e  p a r t i c l e ,  suggest ing 
t h a t  t h e  p a r t i c l e  was deposi ted before t h e  f u l l  t h i ckness  of t h e  f i l m  
was b u i l t  up. The f o u r t h  type  appears a s  a shapeless  bump o r  p r o t r u s i o n  
i n  t h e  su r face  o f  t h e  f i l m .  
of CdS which has been depos i t ed  a s  s p a t t e r  a t  ari e a r l y  s t a g e  of t h e  f i l m  
fo rma t ion  and becomes subsequently covered a s  t he  film cont inues t o  develop. 
Under high magnif icat ion p o s i t i v e  d i sc r imina t ion  between such a bump and 
t h e  p i t  mentioned above i s  d i f f i c u l t .  
r e f e r r e d  t o  a s  a "pinhole.11 
extends through t h e  f i l m  t o  t h e  s u b s t r a t e .  
h o l e  suggests  t h a t  it i s  i n  t h e  same family as t h e  r e g u l a r l y  shaped p i t  
mentioned above. Another i n s t a n c e  may look l i k e  t h e  p i t  remaining when 
a C d S  p a r t i c l e  has broken away f r o m  t h e  f i l m .  
i d e n t i f i e d  as belonging t o  e i t h e r  c l a s s .  Pinholes  have been found i n  c e l l s  
which were "shorted."  

The t h i r d  type i s  
A 

This type o f  bump may be an adherent  p a r t i c l e  

The f i f t h  type of formation i s  
It i s  a narrow p e r f o r a t i o n  which u s u a l l y  

Sometimes the  form of t h e  pin- 

Cer t a in  p inho les  c a n ' t  be  

I n  f i l m s  where s u r f a c e  t e x t u r e  appears t h e  same t o  t h e  unaided eye, a 
d i f f e r e n c e  i n  c o l o r  seems t o  be r e l a t e d  t o  a microscopic d i f f e r e n c e  i n  
texture, and no t  of type. The su r faces  i n  bo th  cases  a r e  f l a t  w i t h  a 
s p r i n k l i n g  of nricroscopic p i t s .  

Both f i l m  c o l o r  and t e x t u r e  are probably in f luenced  by v a r i a t i o n s  i n  
evapora t ion  ra te  and s u b s t r a t e  temperature, from f i l m  t o  f i l m  and from 
area t o  area on an  i n d i v i d u a l  f i l m .  

2. Barrier Uniformity 

Various methods of t e s t i n g  c e l l s  f o r  b a r r i e r  uniformity have been 
i n v e s t i g a t e d  b r i e f l y .  Some non-uniformities have been noted which seem t o  
e f f e c t  t h e  e l e c t r i c a l  p r o p e r t i e s  of t h e  c e l l s .  The methods and observat ions 
are o u t l i n e d  below. 

Some ce l l s  w i t h  low s h o r t - c i r c u i t  c u r r e n t s  show a s p r i n k l i n g  of s p o t s  
where t h e  " b a r r i e r "  was not  formed. These s p o t s  have been observed under 
a microscope w i t h  p o l a r i z e d  l i g h t  a t  normal incidence.  This sugges t s  t h e  
use o f  p o l a r i z e d  l i g h t  i n  o t h e r  types of i n s p e c t i o n  such as Brewster ang le  
obse rva t ions .  

Thermoelectric probing was t r i e d  b u t  without  u s e f u l  r e s u l t s .  For t h e  
C d S  c e l l s ,  s p e c i a l  equipment and techniques probably would need t o  be 
developed f o r  t h i s  method. It would r e q u i r e  a heated probe made of a 
material w i t h  a Seebeck c o e f f i c i e n t  approximately t h e  same as t h e  barrier.  

Occasional ly ,  a c e l l  w i t h  an e l e c t r o p l a t e d  b a r r i e r  w i l l  show very 
n o t i c e a b l e  v a r i a t i o n s  i n  v i s u a l  appearance ac ross  t h e  s u r f a c e  o f  t h e  c e l l .  
That i s  not always an  i n d i c a t i o n  of t h e  c e l l ' s  e f f i c i e n c y .  A f e w  of t h e  
low e f f i c i e n c y  ones were examined. Bluish areas d i sp layed  o r d i n a r y  I - V  
curves  and were responsive t o  r e d  l i g h t .  Reddish a r e a s  of t h e  b a r r i e r s  
d i s p l a y e d  v a r i o u s  unusual I-V curves and were responsive t o  b l u e  l i g h t .  
It i s  s t i l l  t o o  e a r l y  t o  make any conclusions concerning t h e s e  t e s t s .  
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F u r t h e r  o p t i c a l  obserT~7at~ions w i l l  be iiiade and compared w i t h  €abrica-  
t i o n  parameters and c e l l  operatio!]. 
u n i t  (A .  M. Fell 
Swartzendruber( 73, may provide a means of e s t ima t ing  t h e  uniformity of t h e  
b a r r i e r  sheet r e s i s t i v i t y .  
a d d i t i o n a l  i n d i c a t i o n  of b a r r i e r  uniformity.  

A fou r -po in t  pi-obe r e s i s t i v i t y  t e s t  
Ltd.)  arid t h e  method of a n a l y s i s  desc r ibed  by L. J .  

It i s  plai-ined t o  o b t a i n  e l e c t r o n  probe d a t a  f o r  

PILOT =NE 

During t h i s  per iod,  t h e  contamination i n  t h e  t r a n s i s t o r  washer w a s  
e l iminated.  The e f f i c i e n c y  of t h e  e l e c t r o p l a t e d  c e l l s  has g r a d u a l l y  i n -  
c r eased  u r ? t i l  it i s  now back t o  normal. One hundred s i x t e e n  c e l l s  were 
f a b r i c a t e d  on t h e  s t anda rd  l i n e  t h i s  q u a r t e r .  The highest  e l e c t r o p l a t e d  
c e l l  was 3.2% whi le  t h e  average was 2.@$. 

A t  t h e  beginning of t h e  t h i r d  month of t h i s  q u a r t e r ,  i t  was decided 
t o  convert  t h e  s t anda rd  l i n e  from e l e c t r o p l a t e d  c e l l s  t o  cherniplated c e l l s .  

The chemiplated c e l l s  i n  general  do not  show t h e  cons i s t ency  
e l e c t r o p l a t e d  c e l l s  have shown as f a r  as r e s i s t a n c e  t o  degradat ion caused 
by moisture.  However, i n d i v i d u a l  chemiplated c e l l s  have shown supe r io r  
r e s i s t a n c e  t o  degradation. The main c o n s i d e r a t i o n  iii switching t o  t h e  
chemiplated barrier w a s  t h e  higher l e v e l  of  e f f i c i e n c y .  
c e l l s  were o p e r a t i v e  a t  a l e v e l  of 2% t o  3.5% whi l e  t h e  chemiplated c e l l s  
range from 3% t o  over 5%. 

t h a t  t h e  

The e l e c t r o p l a t e d  

Only 1 2  c e l l s  were done i n  this manner. The average e f f i c i e n c y  was 
3.53% and t h e  h i g h e s t  was 5.1%. 

During t h e  q u a r t e r ,  one a r r a y  of f o u r  th ree - inch  by th ree - inch  c e l l s  
w a s  d e l i v e r e d  t o  t h e  c o n t r a c t  monitor. 
and demonstrated over t h i r t y  w a t t s  p e r  pound. 
by t h e  end of t h e  c o n t r a c t  pe r iod ,  goa l s  of f i f t y  w a t t s  p e r  pound f o r  
i n d i v i d u a l  c e l l s  and f c r t y  

This a r r a y  w a s  over 3% e f f i c i e n t  
It  i s  expected t h a t  

wa t t s  pe r  pound f o r  a r r a y s  w i l l  be  a t t a i n e d .  



WOF3 PLAISTJED FOR Tm I W T  QUARTER 

1. Mork w i l l  be continued on t h e  e l e c t r o p l a t e d  g r i d .  Shortening of t h e  
p l a t i n g  time and use of non-aqueous s o l u t i o n s  w i l l  be t h e  areas of  concen- 
t r a t i o n .  

2.  The impulse laminator  w i l l  be assembled and put i n t o  ope ra t ion .  

3. Work w i l l  be i n i t i a t e d  on s i n t e r e d  CdS on s u b s t r a t e s .  

4. Other s u b s t r a t e  materials will cont inue t o  be i n v e s t i g a t e d .  Emphasis 
w i l l  be on I n v a r  a t  t h e  high s u b s t r a t e  temperatures.  

5. The s tudy  of t h e  uniformity of t h e  films and b a r r i e r s  w i l l  continue.  
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